Biosynthesis of 3 human granule proteins, myeloperoxidase, defensin and lysozyme, all present in azurophil granules, was investigated in normal bone marrow cells and in the promyelocytic cell line HL-60 to see whether differences in timing of biosynthesis could explain the well established differences in their subcellular localization in the mature neutrophil (targeting), and whether differences exist in the efficiencies by which granule proteins are retained in cells (sorting). Normal human bone marrow cells were separated into three bands by density gradient centrifugation. Band 1 contains band and segmented cells, band 2 mainly myelocytes, metamyelocytes and some band cells, and band 3 myeloblasts and promyelocytes in addition to megakaryocytes and proerythroblasts. Cells from these bands, as well as undifferentiated HL-60 cells, were pulsed with radiolabeled cysteine and methionine, and biosynthesis of granule proteins was subsequently evaluated by immunoprecipitation and quantified by phosphorimaging. Myeloperoxidase synthesis was maximal in cells from band 3 while defensin biosynthesis was maximal in cells from band 2. Lysozyme was synthesized in cells from all bands but was maximal in cells from band 2. These results are in agreement with our hypothesis that timing of biosynthesis determines the localization of individual granule proteins. While myeloperoxidase and defensins were efficiently retained in immature cells (band 3), a significant fraction of lysozyme was routed out of the cells, showing that differences exist in the sorting of granule proteins between constitutive and regulated secretion. In addition, defensin was less efficiently retained in cells from band 2 than from band 3, indicating that sorting mechanisms may depend on the stage of cell maturation.
Introduction
The human neutrophil contains a variety of granules that differ both with respect to content and propensity for exocytosis. 1 Traditionally, the granules have been classified as peroxidase positive and peroxidase negative on the basis of their content of the enzyme myeloperoxidase. This classification has proven useful since it not only separates granules that are formed at different stages of maturation of the neutrophil precursors, but also distinguishes between granules that differ with respect to exocytosis. Peroxidase-positive granules (also named azurophil or primary granules) are formed at the promyelocyte stage while the peroxidase-negative granules (also termed secondary or specific granules) are formed at the myelocyte and metamyelocyte stage. 2 In contrast to peroxidase-positive granules, peroxidase-negative granules fuse readily with the plasma membrane and empty their content to the exterior. In recognition of this, peroxidase-negative granules are also named the secretory granules of the neutrophil. 3 The two granule subsets differ greatly in their protein profiles. 4 In addition, it has been established that major differences exist within these granule subsets. Peroxidase-positive gran- ules can be separated into large and smaller granules that differ not only in size but also with respect to the important antibacterial peptides, defensins, which are found exclusively in the large peroxidase-positive granules. 5 Likewise, the peroxidase negative-granules on the basis of their content of lactoferrin and gelatinase have been divided into three subsets: granules that contain lactoferrin but no gelatinase (15%), granules that contain lactoferrin and gelatinase (60%), and granules that contain gelatinase but no lactoferrin (25% of peroxidasenegative granules). 6 Furthermore, these subsets of peroxidasenegative granules also differ in the extent to which they release their content by any given stimulus. 7 This granule heterogeneity is important, since it provides the neutrophil with the ability to differentiate its release of granule proteins, which are needed at different steps during the journey of the neutrophil from circulation into tissues to meet, engulf and kill microorganisms. 8 Furthermore, granule heterogeneity separates proteins that cannot co-exist in the same granule. 9 If granule proteins were synthesized at the same time, a very complex targeting and sorting mechanism would need to be invoked to explain this granule heterogeneity. If, on the other hand, proteins localized to different granule subsets were synthesized at different stages of cell maturation, no targeting would be needed to explain the granule heterogeneity. This could be explained solely by differences in timing of biosynthesis. We have shown that the granule heterogeneity of peroxidase-negative granules can be explained by differences in timing of biosynthesis of the proteins localized in granules, 10 and we have shown that the localization of a granule protein will change if the time of its biosynthesis is changed, eg the protein NGAL normally localized in peroxidase-negative granules becomes localized to azurophil granules, if expressed at the promyelocytic stage in HL-60 cells. 11 We wished to examine this hypothesis further by investigating the biosynthesis of three granule proteins that differ in their localization: defensins, myeloperoxidase and lysozyme. While defensins are restricted to a subset of peroxidase-positive granules, the large peroxidase-positive granules, and myeloperoxidase defines the peroxidase-positive granules, lysozyme is found in all granules of the human neutrophil, including gelatinase granules. 12 Examination of the stage of myeloid cell maturation at which these proteins are expressed would therefore provide information on the relation between time of biosynthesis and subcellular localization. A further aim of this study was to gain information on whether there is an active sorting of proteins between constitutive secretion and retention, and whether any such mechanism is restricted to a particular stage of cell maturation.
Materials and methods

Cell culture
HL-60 cells were grown in RPMI 1640 medium (Gibco-BRL, Life Technologies, Gaithersburg, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 g/ml streptomycin at 37°C in a humidified atmosphere of air/CO 2 (19:1) . Exponentially growing cells were used in all studies.
Isolation of bone marrow (BM) cells
Fifteen milliliters of bone marrow were aspirated from the posterior superior iliac crest of healthy volunteer donors and mixed with 5 ml ACD (25 mM sodium citrate, 126 mM glucose) present in the syringe used for aspiration. One volume of 2% Dextran T-500 (Pharmacia, Uppsala, Sweden) in saline was added to aid the sedimentation of erythrocytes, and the supernatant was centrifuged at 200 g for 10 min. The pelleted cells were resuspended in 10 ml phosphate-buffered saline (PBS, 140 mM NaCl, 10 mM Na 2 HPO 4 NaH 2 PO 4 pH 7.4) and layered on top of a gradient which contained 9 ml Percoll (Pharmacia) of density 1.065 on top of 9 ml Percoll of density 1.080. The desired densities of Percoll were obtained by mixing 10 × PBS with precalculated amounts of Percoll and distilled H 2 O; pH was adjusted to 7.4 by addition of 0.1 N HCl. The gradient was centrifuged in 50 ml centrifuge tubes at 1000 g for 20 min at 4°C. This resulted in fractionation of BM cells into three groups that were harvested with a Pasteur pipette: band 1, a cell pellet at the bottom of the centrifuge tube; band 2, all cells between band 1 and a distinct band on top of the gradient, band 3.
10 Band 1 was contaminated with erythrocytes and subjected to 30 s of hypotonic lysis in distilled H 2 O. Cells from all bands were than washed in saline and counted. Cytospin preparations were made by applying 2 × 10 5 cells in 100 l saline on glass slides. These preparations were stained by the May-Grü nwald-Giemsa technique and used for evaluating the quality of the separation.
Biosynthetic labeling of BM cells
Cells from each band were starved for 45 min at 37°C at a cell concentration of 10 7 /ml in methionine-cysteine-free medium (minimal essential medium; ICN Pharmaceuticals, Costa Mesa, CA, USA) supplemented with 100 U/ml penicillin, 100 g/ml streptomycin and 10% (v/v) dialyzed FBS. The cells were then pelleted by centrifugation and resuspended at 2 × 10 7 cells/ml in minimal essential medium, supplemented with either 200 Ci/ml S-cysteine (1171 Ci/mmol) (both ICN Pharmaceuticals) and pulsed for 60 or 120 min. Subsequent chase was performed after washing the cells by centrifugation and resuspension in RPMI 1640 medium with 10% FBS at a density of 5 × 10 7 cells/ml and incubation at 37°C for the times indicated. After incubation, the cells were pelleted and washed once in ice-cold saline before solubilization and immuno-precipitation.
Metabolic labeling of HL-60 cells was performed by starving the cells for 30 min in methionine-cysteine-free medium with 10% FBS at 2 × 10 6 cells/ml. The cells were then pulsed for 3 h by incubation in methionine-cysteine-free medium to which 50 Ci/ml of 35 S-methionine/ 35 S-Cysteine had been added. Subsequent chase was carried out as above.
Immunoprecipitation
Cells were solubilized for 1 h at 4°C at a density of 10 7 cells/ml in RIPA buffer (150 mM NaCl, 30 mM Hepes pH 7.3, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS) supplemented with 1 mM phenylmethyl-sulphonylfluoride (Sigma Chemical, St Louis, MO, USA), 200 U/ml aprotinin (Trasylol; Bayer, Leverkusen, Germany), and 100 g/ml leupeptin (Sigma). Undissolved material was pelleted by ultracentrifugation (100 000 g for 20 min). The supernatants were stored at −20°C until immunoprecipitation. Medium, from which the cells were pelleted, was diluted 5:1 with 5 × RIPA buffer before immunoprecipitation.
Immunoprecipitation was performed in a sequential manner. First, the samples were preabsorbed with 20 l nonimmune rabbit serum (DAKO X0902) (DAKO, Glostrup, Denmark) and Protein A-Sepharose (Pharmacia). The appropriate amounts of antibodies against MPO (DAKO A398), lysozyme (DAKO A099), lactoferrin (DAKO A0186) and defensins (a generous gift from Dr Tomas A Ganz, University of California, Los Angeles, CA, USA) was added to Protein ASepharose (100 mg/ml) in binding buffer (500 mm NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 /KH 2 HPO 4 pH 7.2) containing 1% bovine serum albumin (BSA) and rotated over night at 4°C. The amount of each antibody added corresponds to 11 mg/g Sepharose gel. The Sepharose particles were pelleted and resuspended in an equal volume of RIPA buffer. One hundred microliters were then added to the cell extracts or medium and rotated for 2 h at 4°C. The Sepharose particles were washed five times in RIPA buffer and twice in PBS. It was ascertained that all antigen was effectively precipitated by the antibody-Proteinase A-Sepharose added. The immunoprecipitated proteins were subjected to SDS-PAGE by boiling samples in 100 l SDS sample buffer and separating on a 12% polyacrylamide gel. 13 Immunoprecipitated defensins were analyzed by SDS-Tricine-PAGE with 16.5% acrylamide in the separating gel and 3.3% acrylamide in the stacking gel. The gels were stained by Coomassie blue, destained and subjected to fluorography using Amplify (Amersham, Bucks, UK) and exposing the dried gels to Kodak X-Omatic AR at −80°C for 1-3 days. Quantification of radioactive labeling was done by phosphorimaging on FUJI X Bas 2000, using the software TINA vers. 2.086 from Santax.
Subcellular fractionation
Isolated neutrophils were resuspended in Krebs Ringer phosphate buffer (KRP: 130 mM NaCl, 5 mM KCl, 1.27 mM CaCl 2 5 mM glucose, 10 mM NaH 2 HPO 4 /Na 2 HPO 4 pH 7.4) containing 5 mM diisopropyl fluorophosphate (Aldrich Chemical, Milwaukee, WI, USA), kept on ice for 10 min, pelleted and resuspended in relaxation buffer (3-5 × 10 8 cells in 15 ml) and cavitated as described by Kjeldsen et al. 14 Nuclei and unbroken cells were sedimented by centrifugation, and the postnuclear supernatant (10 ml) was loaded on a three-layer Percoll (Pharmacia density gradient (1.05/1.09/1.12 g/ml, gradient volume 27 ml) and fractionated. This resulted in a gradient with four visible bands, from the bottom designated the ␣-band, the ␤ 1 -band, the ␤ 2 -band and the ␥-band. The cytosol was present above the ␥-band on top of the Percoll. The gradient was collected in fractions of 1 ml each by aspiration from the bottom of the tube. Azurophil granules were identified by their content of myeloperoxidase, 15 specific granules by lactoferrin, 15 and gelatinase granules by gelatinase, 14, 16 all assayed by ELISA. [17] [18] [19] Plasma membranes were identified by HLA, 20 assayed by ELISA 20 and secretory vesicles by their content of latent alkaline phosphatase, 21 assayed as described.
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Results and discussion
Timing of biosynthesis of granule proteins
A marked difference was observed in the profile of granule proteins synthesized from the cells of band 3, 2 and 1, as has been shown before. 10 Myeloperoxidase is synthesized predominantly in cells from band 3, which contains the most immature myeloid cells, while defensins are synthesized mainly in band 2. This difference in biosynthesis can thus explain why defensins are localized only in a subset of the peroxidase-positive granules, since clearly the majority of immature cells synthesize myeloperoxidase, but not defensins. This is visualized in Figure 1 .
Lysozyme was synthesized mainly in cells from band 2, but also in cells from band 3 and 1. This is consistent with its subcellular localization in both peroxidase-positive and per-
Figure 1
Biosynthesis of myeloperoxidase, defensin, lysozyme and lactoferrin in normal human bone marrow cells. Normal cells were fractionated into three bands: band 1 (segmented and bands), band 2 (myelocytes, metamyelocytes and some bands) and band 3 (myeloblasts and promyelocytes). 10 oxidase-negative granules. 12 We have previously shown that the renowned marker for specific granules, lactoferrin, is synthesized almost exclusively in cells from band 2.
10 This is confirmed here. Thus, the bulk of defensins and lactoferrin is synthesized by cells isolated in band 2. This could indicate that defensins and lactoferrin are each specifically targeted to different granules, since their localizations in granules differ (Figure 2 ). It is, however, more likely that the apparent cosynthesis is not real, but reflects the fact that the cells in band 2 represent a span of maturity of cells, of which the more immature synthesize defensin, while the more mature synthesize lactoferrin.
Figure 2
Subcellular distribution of defensin, myeloperoxidase, lactoferrin, lysozyme and gelatinase in normal neutrophils from peripheral blood. 3 × 10 8 neutrophils were disrupted by nitrogen cavitation and fractionated on a three-layer Percoll density gradient. Fractions of 1 ml were aspirated from the bottom of the centrifuge tube and assayed for markers of azurophil granules (MPO)-specific granules (lactoferrin), gelatinase granules (gelatinase) and for lysozyme. Samples from each fraction were taken for SDS-PAGE and transferred to nitrocellulose membranes and probed with a rabbit antibody against human neutrophil defensin. The intensity of the immunostaining was quantified by CREAM.
This was addressed by changing the density of the medium used for separation of bands 2 and 3 from 1.080 g/ml to 1.081 g/ml. While this change shifted the major part of defensin synthesizing cells from band 2 to band 3, it had little effect on the localization of lactoferrin synthesizing cells which were still largely confined to band 2 ( Figure 3) . We therefore conclude, that major differences exist in timing of biosynthesis of myeloperoxidase, defensins and lactoferrin in relation to maturation of myeloid cells, and that this can explain the differences in subcellular localization of individual granule proteins, including the heterogeneity of peroxidase-positive granules.
Sorting of granule proteins between the constitutive and regulated secretory pathways
It is generally assumed that sorting between these two pathways takes place in the trans-Golgi network, but apart from
Figure 3
Biosynthesis of myeloperoxidase (a), defensin (b) and lactoferrin (c) in bone marrow cells isolated on separating medium of 1.081 g/ml similar experimental set-up as in Figure 1 , but with a slight change of density of the separating medium.
the role of mannose 6-phosphate in sorting to lysosomes, 23 the mechanism(s) by which sorting is effected is elusive. 24, 25 Aggregation of proteins by either low pH or by high Ca 2+ has been indicated as playing a role for some proteins. [26] [27] [28] Nlinked carbohydrates may play a role in addition to mannose 6-phosphate-mediated sorting. 29, 30 Recently, hydrophobic domains were claimed to be important, but this has not been validated. 31 Neutrophils contain an abundance of granules, as do other granulocytes, and these granules are formed within a quite narrow time frame of 3-5 days. 2, 32 It is therefore possible that formation of granules is so intense, that the bulk of proteins entering the trans-Golgi network will go to granules, even without specific segregation from the route of constitutive secretion, which is usually considered the default route for proteins on the secretory pathway. If no specific retention of proteins to the regulated secretory pathway, ie to granules, exists, then all proteins that are synthesized at the same time should be retained equally efficiently in cells, reflecting the bulk flow of proteins to granules. This was investigated by examining the distribution of newly synthesized proteins between cells and medium at the different stages of maturity represented by bands 3, 2 and 1 (Figures 4 and 5 ). Retention
Figure 4
Immunoprecipitates of chase medium form normal bone marrow cells; same experiment as in Figure 1 . Cells were incubated for 2 or 6 h in tracer-free medium. The medium was then immunoprecipitated with antibodies against myeloperoxidase, defensins and lysozyme.
Figure 5
Intracellular and extracellular accumulation of newly synthesized proteins in normal human bone marrow cells fractionated by density centrifugation into three bands (band 1, most mature cells; band 2, cells of intermediate maturity; and band 3, most immature cells). Immunoprecipitates from cell lysates and medium were quantified by phosphorimaging. , cells; ᮀ, medium.
of myeloperoxidase and defensin is efficient in cells from band 3, but less efficient in cells from band 2. This is most pronounced for defensin of which the vast majority of newly synthesized protein is found in the medium. Furthermore, all defensin synthesized in cells from band 1 is localized to the medium. It is noted that the defensin found in the medium is almost exclusively on unprocessed form (7 kDa). This agrees with the notion that processing is an event that takes place in azurophil granules. 33 In contrast to myeloperoxidase and defensins which are efficiently retained in cells from band 3, lysozyme is not efficiently retained in cells from any of the bands. This again argues for specific sorting between the pathways for constitutive and regulated secretion. The observation could also be explained if lysozyme is as efficiently retained in granulocyte precursors as are defensins and myeloperoxidase, but in addition is synthesized by other cells present in the bone marrow, eg monocyte precursors which do not efficiently retain the protein. To address this, we examined biosynthesis of myeloperoxidase and lysozyme in the promyelocytic cell line HL-60. These cells are arrested at the early promyelocytic stage of maturation. The cell line used by us was incapable of synthesizing defensins. It is clearly seen that the specific sorting of granule proteins also took place in these cells since the retention of myeloperoxidase was very effective while most lysozyme escaped to the medium (Figures 6 and 7) . Thus, it is most likely that the difference observed in band 3 cells between myeloperoxidase and defensins on the one hand and lysozyme on the other is a reflection of sorting between constitutive secretion and storage.
The mechanism of sorting is not known. It is possible that the granule proteins bind to one or more carrier, that itself is synthesized as a constituent of granules. The differences in sorting may have an implication in practical hematology. Proteins, such as MPO, which are efficiently retained in cells when synthesized are not likely to be useful parameters of myelopoietic activity when assayed in plasma. In contrast,
Figure 6
Biosynthesis of myeloperoxidase and lysozyme in undifferentiated HL-60 cells. HL-60 cells were metabolically labeled with 35 S-methionine/ 35 S-cysteine and incubated for 2 h. The cells were than chased for up to 6 h and aliquots were sampled at the time points indicated. Cells and medium were separated and immunprecipitated with antibodies against myeloperoxidase and lysozyme.
Figure 7
Quantification of intracellular and extracellular sorting of metabolically labeled myeloperoxidase and lysozyme in HL-60 cells. The gels photographed in Figure 6 were quantified by phosphorimaging , cells; ᮀ, medium. due to inefficient sorting, the level of lysozyme in plasma may accurately reflect the myelopoietic activity of the bone marrow and at the same time support a high level of free circulating antibiotic protein. 12 A similar mechanism may explain the high levels of defensins in plasma found in patients with septicemia and bacterial meningitis. 34 
